Abstract. The electronic structure of the Cr 2 O 3 (0001) surface is studied by means of ab initio embedded cluster calculations. Charge distributions and local d-d excitations are analysed for different geometrical relaxations of the surface. In the ground state there is considerable delocalization of electrons from the oxygen 2p band into the partly occupied 3d AOs of the Cr cations at the surface such that their ionicity is reduced to Cr 2+ as compared to Cr 3+ in the bulk. The calculated d-d and charge transfer excitations agree very well with the prominent loss peaks observed experimentally by means of electron energy loss spectroscopy (EELS) at the Cr 2 O 3 (0001) surface.
Introduction
Polar surfaces of ionic crystals, in particular of metal oxides, are thermodynamically unstable since the electrostatic surface energy diverges [1] [2] [3] . Such surfaces can, however, be stabilized by geometrical reconstructions and relaxations, as for instance observed for the NiO(111) surface [4, 5] . Alternatively, the response of the electrons to the surface dipole moment can cause modifications of the electronic structure at the surface as compared to the bulk, which in turn might also lead to a stabilization. Therefore, in order to understand the mechanism of stabilization of polar surfaces, both geometrical and electronic effects have to be considered.
One example of a polar metal oxide surface, studied recently in some detail, is the (0001) surface plane of Cr 2 O 3 films grown on Cr(110) [6] [7] [8] . Bulk Cr 2 O 3 has corundumtype structure, which consists of hexagonal closed packed (hcp) layers of oxygen atoms with the metal cations occupying two-thirds of the octahedral interstices. Figure 1 shows that along the (0001) direction flat oxygen layers alternate with buckled chromium layers. In order to preserve the stoichiometry, one of the three possible octahedral positions in the Cr layer is empty. This causes slight distortions in the hcp O layers which are completely planar but exhibit slightly differing O-O distances.
It is now well established, both theoretically [8, 9] and experimentally [7, 8] , that the polar Cr-terminated Cr 2 O 3 (0001) surface plane is stabilized by two effects. First, half of the chromium ions at the surface are removed. By this, the surface charge is reduced and the divergence of the electrostatic surface energy is avoided [1, 2] . SCF calculations [9] as well as molecular dynamics (MD) simulations [8] have shown that the Cr ions in site 2 (i.e., those ions which have no cation directly underneath the first O layer, cf figure 1) remain at the surface, while the ions in site 1 are removed. In other words, a stable Cr-terminated Cr 2 O 3 (0001) surface can be obtained by cutting the crystal just in the middle of the buckled Cr layer. In addition to this reconstruction, strong geometrical relaxations have been observed which reach down into the volume by four to five layers. Though there is some discrepancy concerning the amount of these interlayer relaxations [8] , theoretical and experimental investigations agree that the first interlayer distance is reduced by about 50%, i.e. the Cr ions in the uppermost layer are strongly pulled toward the first O layer.
It should be mentioned that the reconstructions and relaxations of the Cr 2 O 3 (0001) surface are rather similar to those of other oxides with corundum-type structure, e.g. Al 2 O 3 (0001) [10] [11] [12] and Fe 2 O 3 (0001) [13] .
The experimental information about the geometrical structure of the clean and adsorbatecovered Cr 2 O 3 (0001) surface was mainly obtained via low-energy electron diffraction (LEED), either from the LEED patterns [7] or by the analysis of the I (V ) curves [8] . However, these methods do not yield any information on the electronic structure. In particular, they are not sensitive to the charges of the anions or cations in the bulk or at the surface. In contrast to Al 2 O 3 , in the case of the transition metal oxides Cr 2 O 3 and Fe 2 O 3 , a change of the oxidation state of the cations at the surface, e.g. a reduction from Cr 3+ to Cr 2+ , can also lead to a reduction of the surface charge and the surface dipole moment and might also contribute to the stabilization of the polar (0001) surface plane. Recent electron energy-loss spectroscopy (EELS) experiments have shown that the (0001) surface of Cr 2 O 3 possesses several low-lying excited states in the optical band gap, which correspond to local d-d excitations in the Cr cations [7, 14] . Due to the reduced ligand field for the Cr ions at the surface these excitations are shifted to lower energies as compared to the bulk. In [7] , two rather weak loss peaks at 1.20 and 1.40 eV were assigned to electronic excitations of Cr 3+ cations at the (0001) surface. The experimental proof that these excitations are indeed surface states was provided by the observation that they are quenched by the adsorption of CO, NO and CO 2 at the surface. A theoretical assignment was also given in [7] by means of quantum chemical ab initio cluster calculations, but only the unrelaxed bulk geometry was used. An additional rather strong loss peak at 4.6 eV, i.e. also in the optical band gap, could be identified as a surface state as well [14, 15] , but the nature of this excitation is still unclear. Figure 2 shows that this loss peak is strongly affected by the adsorption of CO 2 ; similar effects were found for the adsorption of other small molecules such as CO, NO, O 2 or Na [14, 15] .
The aim of the present work is to characterize the electronic ground state as well as the low-lying excited states of the Cr 2 O 3 (0001) surface by means of quantum-chemical ab initio cluster calculations.
Method of calculation
Most of the present calculations were performed by means of the Bochum suite of open-shell ab initio programs [16] [17] [18] [19] , consisting of restricted open-shell Hartree-Fock (ROHF or SCF) [16] , complete active space SCF (CASSCF) [17] , valence configuration interaction (VCI) [18] and multi-configuration coupled electron pair approach (MC-CEPA) [19] programs. For some of the calculations also the GAMESS code [20] was employed.
For the Cr atom, Wachters' basis [21] was used with a (2, 1, 1, 1) contraction of the five sets of d functions; the oxygen atoms were described by Huzinaga's 9s5p basis [22] , contracted to triple zeta (TZ) quality and augmented by semidiffuse s and p functions (exponents 0.1).
In the H-saturated clusters, the H atoms were described by a 5s Huzinaga set [23] , contracted to TZ quality as well. Several test calculations were also performed with modified basis sets, e.g. with additional polarization functions both at Cr and O, but the changes in the results are rather insignificant and are not documented in the following. The charge distribution at the various atoms has been analysed by means of the Mulliken population analysis. This allows for assigning atomic charges which, although not indicative of absolute ionicities, permit us to quantify the changes of charges and ionicities from the bulk situation to different surface relaxations.
Unless otherwise noted, the electronic excitation energies were calculated at the CASSCF level. In most calculations, the five 3d AOs of the Cr atom were included in the active space and the orbitals were optimized for an energy expectation value averaged over the seven lowest quartet states (CASSCF 5/7).
Local properties of ionic crystals such as local electronic excitations and adsorption energies can be described quite reliably by embedded cluster models. In the present study we have chosen a cluster consisting of one metal cation and the six (for bulk Cr 2 O 3 ) or three (for the Cr 2 O 3 (0001) surface) adjacent O atoms. These CrO 9− 6 or CrO 3− 3 clusters were either saturated by protons [24] or embedded in a set of effective core potentials (ECPs) and a large array of point charges with the ionicity +3/ − 2 which simulates the Madelung potential of the extended solid. The saturation by protons was designed in such a way that either 12 clusters were surrounded by a first coordination shell of effective core potentials (ECPs) which are necessary to simulate Pauli repulsion effects and to prevent the electrons at the O 2− ions from flowing toward the adjacent positive charges of the embedding point charge field. Either compact model potentials [26, 27] or electron-free Na + pseudopotentials [28] with a charge of +3 were used for this purpose. Cluster plus ECP shell were then embedded in a large Madelung field which consisted of several thousand point charges. The calculated ionicities and excitation energies of the cluster are not sensitive to the details of the embedding point charge field. Therefore, these details are not documented here.
The cluster, were performed with the ideal equilibrium geometry of bulk Cr 2 O 3 , both for the cluster itself as well as for the embedding point charge field. However, because of the uncertainties which still exist concerning the geometrical structure of the Cr 2 O 3 (0001) surface, three different geometrical models for the Cr 2 O 3 (0001) surface were considered: (i) The unrelaxed geometry with interlayer distances as in bulk Cr 2 O 3 ; this will be called the 'ideal' geometry in the following.
(ii) A geometry with relaxations of −38, −21, −25 and +11% in the first four interlayer distances relative to the unrelaxed ideal geometry. This geometry, denoted as 'R40' geometry in the following, was obtained as experimental LEED structure from the analysis of the I (V ) curves in [8] ; however, it turned out later ( [8] , erratum) that an improved analysis of the I (V ) data leads to a new experimental LEED structure which is rather close to the geometry obtained by the MD simulations. (iii) This geometry, denoted as 'R60' geometry, with relaxations of −58, 0, −36 and +17% relative to the ideal bulk geometry, was used as a third model in the present calculations. In the two models R40 and R60 for the surface relaxation, both the geometry of the CrO 3− 3 cluster and that of the four uppermost layers in the point charge field were modified; for the rest of the Madelung field the unrelaxed bulk geometry of Cr 2 O 3 was used. Furthermore, only vertical relaxations, i.e. changes of the interlayer distances perpendicular to the (0001) surface plane, were considered since there is no experimental indication of relaxations within the O or Cr layers.
Only surface clusters with Cr ions occupying site 2 (compare figure 1) are considered in the present study. The main reason is that MD simulations [8] have shown that only site 2 is a stable position for Cr ions at the Cr 2 O 3 (0001) surface. Sites 1 and 3 as well as the tetrahedral site are much higher in energy. They are not even local minima and they will relax towards site 2. Further, our previous calculations [7] have also shown that the local d-d excitations in the three sites (calculated with the unrelaxed bulk geometry) are very similar. Therefore, we limit our present treatment to the only stable site 2.
Local d-d excitations
The electronic structure of bulk Cr 2 O 3 can be described as consisting of closed-shell O 2− ions with completely filled 2p shells and Cr 3+ ions with the electronic configuration 3d 3 . The ground state of the metal cation in the slightly distorted octahedral environment is 4 A 2g (in O h notation). In order to determine the ionicity of this material we have first performed ROHF calculations for the electronic ground states of the two cluster models representing the bulk situation. Table 1 shows that in the embedded CrO 6 cluster the charges at Cr and O are rather close to the formal oxidation numbers +3 and −2. The d occupation at the central Cr ion amounts to about 3.5. This means that the three t 2g -type 3d AOs at Cr are singly occupied each, giving rise to the 4 A 2g ground state, and about 0.5 electrons are needed to account for a small amount of covalency in the strongly ionic Cr-O bond. Though the Mulliken charges should not be taken too literally, all details of the calculations are indicative of a rather large ionicity which is best described as Cr 3+ and O 2− . The situation is very similar in the proton-saturated cluster, the only difference being that some of the positive charge of the cluster is distributed over the terminal hydrogen atoms. In particular, the d occupation at the Cr ion is not changed as compared to the CrO 6 cluster embedded in the point charge field.
The free Cr 3+ ion has a 4 F ground state [29] . In bulk Cr 2 O 3 , the sevenfold spatial degeneracy of the F state is removed by the crystal field. The new ground state is 4 A 2g , the first and second excited states are 4 T 2g and 4 T 1g , respectively, both also stemming from 4 F. (Since the distortion of the octahedral symmetry at the Cr 3+ ions in bulk Cr 2 O 3 and consequently also the splitting of the T 1g and T 2g states are small we have adopted the O h symmetry notation.) The excitation energies of these states with respect to the 4 A 2g ground state are also included in table 1. They are rather similar for both cluster models and agree fairly well with optical absorption data [30] and with earlier EELS data [31] . Transitions into the lowest doublet states occur at 2.43 ( 2 E g ) and 2.60 ( 2 T 1g ) eV, but they are spin forbidden and not included in table 1. The quartet state corresponding to 4 P of the free Cr 3+ ion follows at about 4.4 eV.
The Cr ions at the (0001) surface of Cr 2 O 3 are coordinated to only three O 2− anions and not to six as in the bulk. Therefore, the local electrostatic field at the positions of the surface Cr ions is different from the one in the bulk, and the ligand field strength, which includes covalent interactions and Pauli repulsion terms in addition to electrostatic effects, is smaller than in the bulk. Table 2 shows the response of the electronic charge distribution. Both in the hydrogen saturated CrO 3 cluster and in the embedded CrO 3 clusters with different surface relaxations, the charge at the protruding Cr ions is considerably reduced from the bulk value. The Cr atoms in the first (half occupied) Cr layer carry charges of only +2.0 instead of +3.0 in the bulk and the oxygen atoms in the next layer (i.e. in the first full O layer) only about −1.67 instead of −2.0, independent of whether the unrelaxed or the R40 or the R60 geometry is used. If the point charges in the first two layers of the embedding Madelung field are reduced to +2.0 and −1.67 the same effective charges of about +2.0 and −1.67 are recovered. (This is only documented for the R60 geometry in table 2, but the corresponding calculations for the unrelaxed and the R40 geometry show the same features.) The results in table 2 demonstrate that the properties of the CrO 3 surface cluster do not depend significantly on the embedding scheme. Several additional calculations with modified point charge fields and with modified basis sets led to more or less the same results as those given in table 2. This also holds if the Mulliken analysis is performed for the CASSCF wavefunction for the ground state or for the lowest excited quartet states and not for the ROHF wavefunction for the ground state. In all cases, the charge at the surface Cr ion is close to +2.0 and the one at the O atoms in the first oxygen layer close to −5/3.
Though the ionicity of the surface Cr ions is considerably reduced as compared to the bulk, the 3d occupation remains nearly unchanged, and the ground state is still a quartet state with three singly occupied 3d AOs. A comparison of the 3d occupations given in tables 1 and 2 shows that they are increased by only about 0.1. The largest change of about 0.7 is observed in the occupation of the 4s AO. Though Mulliken charges are ill defined in cases where diffuse orbitals are to be occupied-this is the reason why we do not give explicit values for the s and p populations-there is evidence for a partial occupation of the 4s AO which is more stable for Cr ions at the (0001) surface with three neighbouring O 2− ions than for sixfold coordinated bulk Cr ions.
The modification of the electronic structure at the surface is also evident from the change in the lowest excitation energies of Cr 2 O 3 . Since the ligand field is smaller at the (0001) surface than in the bulk, the splitting of the 4 F state of the free Cr 3+ ion is reduced and the excitation energies corresponding to local d → d excitations are lowered. Furthermore, since the local symmetry at the surface is reduced from O h to C 3v , the degeneracy of the excited states is partly removed. The symmetry of the ground state is changed from 4 3 and the three cluster models with reduced ionicity at the surface. The corresponding results for the full surface ionicity (+3.0/ − 2.0) are so similar to those given in table 3 that they are not documented here. Table 3 shows that all excitation energies are indeed considerably lowered with respect to the bulk values (table 2) and that they are slightly increasing from the unrelaxed geometry to the R40 and R60 geometry, i.e. with decreasing Cr-O distance. The oscillator strengths are small, in particular the one for the first excited state which has 4 A 1 symmetry and would be forbidden if the embedding point charge field had exact C 3v symmetry.
If dynamic correlation effects are included on top of the CASSCF calculations by means of multireference configuration interaction (MR-CI) or the multiconfiguration coupled electron pair approach (MC-CEPA) [19] , the excitation energies for the lowest states (1 4 A 1 , 1 4 E, 2 4 E, 2 4 A 2 ) change by no more than 0.03 eV, while those of the next two quartet states (3 4 A 2 , 3 4 E) are lowered by about 0.2 eV. This can be easily explained by the fact that dynamic correlation effects are very similar for all states derived from the 4 F ground state of the free Cr 3+ ion, while they are slightly different for the two states correlating with the excited 4 P state of Cr 3+ . As mentioned already in the introduction, two rather weak loss peaks at 1.2 and 1.4 eV in the EEL spectrum of Cr 2 O 3 have been assigned in our previous study to electronic surface states of Cr 2 O 3 (0001) [7] . Our new results in table 3 confirm this assignment. The lowest excited quartet state is the optically forbidden 4 A 1 state at 0.94 eV (R40 geometry), which is too weak to be seen in the EELS experiment. The next two states are the two weakly allowed 4 E states at 1.18 and 1.54 eV; the calculated excitation energies agree fairly well with the experimental losses. The calculations further predict both the 4 T 2g bulk state and the 4 A 2 surface component of the 4 T 1g state in the region around 1.8 eV. This is in agreement with the experimental observation that the broad loss at about 1.8 eV is partly quenched by adsorbed molecules [7] . Similarly, at 2.8 eV one can find both the 4 T 1g ( 4 F) bulk state and the 4 A 2 surface component of the 4 T 1g ( 4 P) state. In our previous calculations of the local d-d excitations at the Cr 2 O 3 (0001) surface [7] we had hoped to be able to tell from a comparison between the observed and the calculated excitation energies which of the three possible octahedral sites is occupied by Cr ions at the (0001) surface. This was, however, not possible since we did not allow for geometry relaxations at the surface and since the calculated excitation energies for Cr ions at the different sites were too similar to allow for a unique assignment. In the present calculations, only the most stable site, site 2 ( figure 1 and [8] ), was considered. This time, unfortunately, it is not possible to tell from the calculated excitation energies which relaxation model (unrelaxed, R40, R60 surface geometry) is the correct one: table 3 shows that the electronic excitation energies calculated for Cr(H 2 O) 3+ 3 and the three embedded surface clusters, in particular those of the two lowest 4 E states, differ by only 0.1-0.2 eV. This is within the range of the experimental resolution (0.15 eV [7] ) as well as within the error limits of our calculations (∼0.1 eV, due to basis sets, limited active space in the CASSCF calculations and point charge field). Apparently, the modification of the local crystal field at the positions of the surface Cr 3+ ions, due to different geometric relaxations, is not strong enough to induce substantial changes in the excitation energies. Though the results for the R60 geometry, i.e. for the relaxation determined by the MD simulations and the recent LEED analysis [8] , seem to fit best to the experimental EELS data [7] , we cannot exclude the old LEED geometry, i.e. the R40 geometry, on the basis of the present calculations. Figure 2 shows that in addition to the low-lying excited states with excitation energies between 1.0 and 2.8 eV there is a strong loss peak at about 4.6 eV, shortly below the onset of the chargetransfer excitations of bulk Cr 2 O 3 . This peak is also considerably modified by the adsorption of small molecules on the Cr 2 O 3 (0001) surface. Weakly chemisorbed molecules such as CO or CO 2 quench the intensity of this peak to a large extent; after exposure to more reactive species like NO or O 2 it is hardly visible any longer [14, 15] .
Surface charge transfer states
A first guess might be that this peak should be assigned to local (table 3) . Moreover, local d-d transitions should give rise to rather sharp features whereas the loss peak at 4.6 eV has a width of more than 1 eV. We therefore conclude that this peak might contain 4 A 2g → 4 T 1g ( 4 P) excitations in bulk Cr 2 O 3 and at the Cr 2 O 3 (0001) surface, but cannot be assigned exclusively to such transitions.
The second possibility is that the loss peak at 4.6 eV should be attributed to surface charge transfer excitations, i.e. to excitations in which one electron is transferred from the first full oxygen layer to the Cr 3+ ion above the surface. It can be expected that these charge transfer excitations need less energy at the surface than in the bulk, since half of the negatively charged first coordination shell is missing for Cr ions at the surface which facilitates an electron transfer. Of course, partly occupied 3d AOs are available for the Cr ions at the surface as well as for those in the bulk.
In order to check this possibility we have performed a second series of CASSCF calculations in which one or more of the 2p AOs at the O atoms were included in the active space, in addition to the 3d AOs of the surface Cr 3+ ion. The CASSCF optimization of the orbitals was then performed for the lowest sextet state (or an average over several low-lying sextet states) corresponding to a charge transfer excitation of the type O2p −1 Cr3d 4 . (Sextet states were chosen for the CASSCF optimization since for an embedded CrO 3 cluster all local excitations have quartet or doublet spin multiplicities; sextet states are only possible for charge transfer excitations.) These orbitals were then used for valence CI calculations in which also quartet and doublet states were included.
There are three effects which make a reliable calculation of surface charge transfer states a rather difficult task. First, charge transfer excitations generate large local dipole moments which interact quite strongly with the embedding point charge field. Therefore, the calculated excitation energies are very sensitive to the details of the embedding. In the present study, we have tried to minimize this uncertainty by using the Madelung field of Wierzbowska [32] which avoids boundary effects by choosing a unit cell without low electric multipole moments. Second, the local dipole moment will polarize the whole oxide crystal. In a cluster calculation only polarization effects within the cluster are accounted for; extracluster polarization is neglected. Therefore, the calculated excitation energies are expected to be too high [33] . Third, the orbitals optimized for the excited charge transfer states differ considerably from those optimized for the neutral ground state. Consequently, it is quite difficult to set up a valence CI, which is capable of describing local d-d excitations and charge transfer excitations equally well and obtaining reliable transition moments. We have tried to do this by increasing the number of active orbitals, but a CI with non-orthogonal orbitals [34] would be a better choice for this purpose.
Because of these difficulties, the uncertainty of the calculated excitation energies for the charge transfer states is in the order of 0.5 eV, i.e. much larger than for the local d-d excitations. The calculated transition moments are at most accurate within a factor of 2.
The CASSCF optimization places the two lowest charge transfer sextet states at excitation energies of about 3.7 eV. The charge transfer turns out to be strongly localized, that is, one electron is transferred from one O 2− ion to the Cr 3+ ion at the surface, leaving one O atom with a Mulliken charge of −0.95 and the two others with charges of −1.85. Concomitantly, the d occupation at the Cr ion is increased to about 4.15. If the orbitals optimized for these sextet states are then used in a valence CI for the quartet states, one finds several charge transfer states with low intensities (small transition moments) at about 4.0-4.2 eV, and two strong transitions at 4.75 and 5.05 eV. These states have oscillator strengths of 0.012 and 0.011, respectively, i.e. about two orders of magnitude larger than those for the local d-d excitations (see table 3 ). The next bunch of states with large oscillator strengths follows at about 7.0 eV.
Even though the uncertainties of our numerical results for the charge transfer excitations are comparatively large, there is no doubt concerning the interpretation of the loss peaks in the EEL spectrum of Cr 2 O 3 (0001) in the range between 4.0 and 8.0 eV: the broad band around 4.6 eV (figure 2) consists predominantly of surface charge transfer states, in which one electron is transferred from the first oxygen layer to a Cr ion at the surface. These surface excitations have lower excitation energies than the corresponding charge transfer excitations in bulk Cr 2 O 3 since the next negatively charged O layer is missing. Since large local dipole moments are generated by these excitations, the corresponding transition moments are much larger than those belonging to local d-d excitations within Cr ions.
Conclusions
The results of the present embedded cluster calculations for the Cr 2 O 3 (0001) surface can be summarized as follows. 
